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Siting Wind Turbines Near Cliffs:
The Effect of Ruggedness
Wind farms have often been located in close proximity to coastal cliffs to take advantage
of the consistent wind regimes associated with many coastal regions, as well as to extract
any available increase in flow speed that might be generated by such cliffs. However,
coastal cliffs are often rugged as a result of erosion and the natural shape of the land-
form. This research explores the impact of the three-dimensional cliff topography on the
wind flow. Specifically, wind tunnel testing is conducted, modeling the naturally occur-
ring ruggedness as sawtooth lateral variations of various amplitudes applied to a forward
facing step (FFS). Surface shear stress visualization techniques have been employed to
derive the flow topology associated with different topographies, while pressure probe
measurements are used to measure the development of wind speed and turbulence inten-
sity (TI). Pressure probe measurements and surface pressure taps also assist to determine
the lateral and vertical extents of the vortex structures identified. In particular, flow fields
characterized by the probe measurements were consistent with vortex bursting that is
described by various researchers in the flow over delta wings. Such bursting is observed
as a stagnation and corresponding expansion of the vortex. Based on these observations,
recommendations are provided for the siting of wind turbines near analogous cliffs.
[DOI: 10.1115/1.4041231]

Introduction

Steep cliffs and escarpments have long been considered in the
context of wind turbine siting, for both their exposed orientation
as well as the speed-up that these topographic features induce.
The seminal wind tunnel investigation of Bowen and Lindley [1]
in 1975 considered wind flow over escarpments of various slopes,
including a vertical step, referred to as a forward facing step
(FFS). They postulated that the speed-up associated with equiva-
lent topographic features would make them good candidates for
siting wind turbines. Since then, many studies have analyzed the
flow over the base FFS case—giving particular consideration to
the flow structure, describing the regions of flow separation and
their change in size as a function of inflow conditions such as the
Reynolds number, and the thickness of the boundary layer relative
to the height of the FFS and the surface roughness [2–7]. Never-
theless, little work has considered variations to the shape of the
FFS. Rowcroft et al. [8,9] considered the effect of wind direction,
generating results that might be considered a building block for
more complex shapes. Cochard et al. [10] and Montlaur et al.
[11], in complementary wind tunnel and computational studies,
considered the effect of sawtooth lateral variation of the FFS, also
giving consideration to the effect of wind direction. These saw-
tooth lateral variations mimic rugged coastlines.

In their work investigating the effect of wind direction on flow
over FFSs, Rowcroft et al. [9] identified that siting wind turbines
0.5 h downstream of the crest of a FFS of height h, with the lower
tip height maintained above 0.5 h, the rotors would experience the
following conditions:

(1) Consistently high wind speeds across the rotor extent by
being above the shear layer.

(2) Lowest levels of turbulence intensity (TI) by avoiding the
recirculation region and its wake.

(3) Low pitch angles by avoiding the crest region and low veer
angles by avoiding the top of the shear layer.

(4) Avoiding the low frequency buffeting associated with vorti-
ces being ejected from the recirculation region.

Cochard et al. [10], giving consideration to the ruggedness of
cliffs, completed wind tunnel experiments, where they examined
three horizontal planes, the highest of which was at a height of
20.3 mm above their 100 mm sawtooth cliff, and with results pre-
sented at a height of 14.3 mm.

In their investigation into siting wind turbines near sawtooth
cliffs, Cochard et al. [10] and Montlaur et al. [11] observed delta
wing-style vortices forming over the sawtooth protrusions that
changed in size as a function of wind direction. They also
observed that wind speed varies as a function of height above the
surface of the cliffs.

They concluded that siting turbines near such cliffs would have
deleterious effects on those turbines because, when the wind
direction is not perpendicular to the FFS, the leading delta wing
vortex increases in size and strength to cover up to two-thirds of
the sawtooth. However, their results did not extend beyond
0.203 h above the surface of the FFS. The development of the
delta wing vortices as a function of wind direction is an important
finding; however, the question remains as to the vertical extent of
those structures, relative to potential wind turbine heights, as this
will ultimately determine whether those flow structures will
impact wind turbine performance.

The literature related to delta wing vortices is extremely rele-
vant and is useful in understanding the flow behavior over these
topographies, particularly in the downstream wake region.

Brief Review of Delta Wing Vortices and Their Breakdown.
The structure and evolution of a delta wing vortex is the subject of
a significant body of academic literature. The flow structure over
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a delta wing is dominated by two counter-rotating vortices when
flow is applied at an angle of attack [12]. These primary vortices
induce secondary vortex structures of opposite sign to the primary
vortex along the leading edge of the delta wing [12]. Gad-el-Hak and
Blackwelder [13] and Lowson et al. [14] identified that the primary
vortex structure is itself a merging of smaller vortex pairs. Within
this primary vortex structure, various authors observed a
Kelvin–Helmholtz instability, before the breakdown of the vortex
structure [13,15,16]. According to Gursul’s [16] review of flow over
slender delta wings, the shedding frequency associated with this
instability was difficult to identify in each case, varying as a function
of Reynolds number, as well as being susceptible to external forcing.

The angle of attack plays a role in the topological development
of the flow over the delta wing and the breakdown of the delta
wing vortex [17]. The angle of attack, which induces an inflow
angle over the leading edge of the delta wing, might be compared
to the height parameter of the FFS. This suggests that a simple
geometric relationship might exist relating the angle of attack of a
delta wing and the height of a rugged FFS. However, the insight
provided by Pearson et al. [18] suggests that any such relationship
is likely to be complex. In their wind tunnel experiments, they
used Particle Image Velocimetry to characterize the region
upstream of the FFS, and they observed a flow stagnation on the
front cliff face at a height of 0.5 h, suggesting that the in-flow
angle would be largely independent of the height of the cliff.

Downstream of the delta wing apex, Katz [19] identified three
modes of vortex development over delta wings, determined by the
angle of attack of the delta wing and the sweep angle (A/k). The
first mode is a symmetric shedding of the primary vortices. At low
sweep angles, an increase in the angle of attack results in the delta
wing vortices breaking down or bursting. At higher sweep angles,
an increase in angle of attack results in the asymmetric shedding
of the crest vortices [20,21].

The bursting of the delta wing vortices has been the subject of
much research and is ultimately the mechanism that has greatest
applicability to the problem of wind turbine siting on sawtooth
cliffs. The review by Hall [22] on the breakdown of vortex struc-
tures provides a useful description of the vortex breakdown, as
well as bringing together various theories on why, when, and how
this mechanism occurs.

Hall [22] describes vortex breakdown or bursting as the point
where a vortex transitions from having the form of a regular spi-
ral, to having a “very pronounced retardation of the flow along the
[vortex] axis and a corresponding divergence of the stream surfa-
ces near the axis [22].” The implication of such a breakdown is
that the vortex transitions from being a concentrated, organized,
fast-moving stream of fluid to a less concentrated, chaotic region
of slow-moving fluid. The unburst vortex remains confined to the
near-surface region, allowing the swept area of a rotor to pass

above the structure; the stagnation and consequent expansion of the
burst vortex will typically make such a siting technique impossible.

Hall [22] identifies three conditions necessary for vortex
breakdown:

� Swirl: Angle of swirl, given by tan�1(v/w), is greater than
40 deg. Azimuthal and axial components of flow velocity are
given by v and w, respectively.

� Positive pressure gradient along the vortex axis.
� Divergence of stream tubes in the vortex tubes, occurring

upstream of the breakdown.

Hall [22] highlights the fact that these conditions are interre-
lated, and that conditions external to the vortex may induce or
retard vortex breakdown. Gursul et al. [23] observed that the tran-
sition to vortex breakdown is less abrupt as the sweep angle of the
delta wing decreases, or, relating back to the context of the saw-
tooth FFS, as the A/k ratio is decreased.

The location of the bursting over the delta wing varies as a
function of sweep angle and angle of attack [14]. The location of
the vortex bursting has also been shown to vary dynamically,
oscillating along the vortex axis, with a characteristic chord-based
Strouhal number of the order of 0.03 [16].

Flow Structure in a Real-World Context. In highlighting the
vertical extent of the vortex structures, it is pertinent to consider
the geometry of a utility scale wind turbine in the context of real
topography. A classic case of wind turbines sited near rugged
coastal cliffs is the Cathedral Rocks Wind Farm (CRWF) in South
Australia. It was commissioned in 2007, consisting of 33 Vestas
V80 turbines on 60 m towers. The turbines have 80 m rotor diame-
ters. While wind turbine technology might be described as mature,
the size of wind turbines has continued to evolve, for example, in
2017, three mainstream wind turbine manufacturers offered
onshore wind turbines with rotor diameters of 140 m or more (Ves-
tas V150 (Vestas Wind Systems A/S, Aarhus, Denmark), Enercon
E141 (Aurich, Lower Saxony, Germany), Senvion 3.XM140 (Sen-
vion S.A. Hamburg, Germany)). This changes the potential design
envelope for the rotor extents from the range of 20 m–150 m to
potentially 30 m–200 m or more. In the context of the recommen-
dations of Rowcroft et al. [9], whereby turbines are sited with a
lower tip height of half the cliff height, it is not unreasonable for
new turbines to have a lower tip height greater than 50 m.

While the CRWF example is only one case, and by no means
representative of all cliff-based wind farms, there are many wind
farms sited on cliffs and escarpments with heights of approxi-
mately 100 m, both in Australia (where this work originates) and
in North America and Europe with varying levels of ruggedness,
as seen in Table 1. Therefore, understanding the extent,

Table 1 Nonexhaustive list of operational wind farms potentially affected by flow separation off steep cliffs or escarpments

Wind farm Location Terrain feature height (620 m)

Woodlawn wind farm NSW, Australia 110 m
Portland wind farm VIC, Australia 90 m
Woolnorth wind farm TAS, Australia 110 m
Cathedral rocks wind farm SA, Australia 140 m
Starfish hill wind farm SA, Australia 150 m
Albany wind farm WA, Australia 70 m
Nine mile beach wind farm WA, Australia 70 m
Hawi wind farm Hawi, HI 50 m
Pakini nui wind farm Naalehu, HI 170 m
Neshgashi Eysturoy, Faroe Islands 120 m
F�ecamp Normandy, France 110 m
Wind point wind farm Washington, DC 400 m
Madeira—Various Madeira, Portugal 100 m–1500 m
Rhodes wind farm Rhodes, Greece 150 m
Project west wind Wellington, New Zealand 150 m

Note: Cliff heights are estimated from Google Earth.
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persistence, and location of the vortex structures is critical infor-
mation to the wind energy engineers in appropriately siting tur-
bines in the vicinity of cliffs, as well as understanding the loads
experienced by the existing wind turbines.

From the discussion previously, there are a number of key ques-
tions that are worthy of further investigation. In this paper, the
two following questions are examined. First, does the extent of
the vortex evolve with the amplitude of the sawtooth protrusion?
And second, what is the vertical extent of the delta wing vortices?

To this end, we present a series of wind tunnel experiments.
First, the effect of varying the amplitude of the sawtooth protru-
sion is investigated by mapping the flow topology for a number of
sawtooth amplitudes using paint droplet visualizations, similar to
those performed by Rowcroft et al. [8], and surface pressure
measurements.

Second, based on that initial topological mapping, two selected
cases are examined in greater detail using four-hole pressure
probes (Cobra Probes) to map the velocity field. This provides
valuable insight into the vertical extent of the vortex cores as they
propagate from the tip of the sawtooth into the far wake, as well
as providing a mapping of the velocity field.

While aiming to generate scalable and broadly applicable
results, there are some notable limitations. The work of Goruney
and Rockwell [24] on flow over delta wings with sinusoidal lead-
ing edges highlights that even minor deviations from the “ideal”
shape have significant impacts on flow topology; similarly, the
work of Lange et al. [25] illustrates the impact on wind turbine
yield of incorrectly modeling the crest of a cliff, with the vertical
extent of vortex structures reduced when the sharp leading edge is
rounded. Similarly, atmospheric stability and boundary layer
shape and thickness will each impact on the flow field, and ulti-
mately on the performance of a wind energy facility embedded in
that flow field [26]. The comparison by Rowcroft [27] of his FFS
data with the scanning LIDAR data collected at Bolund Hill by
Mann et al. [28] highlights that while the flow features are compa-
rable, the precise magnitude and shape is highly site specific.

Methodology

Wind tunnel testing was performed over a range of models.
Three wind tunnel techniques were implemented: surface shear
stress visualization; Cobra Probe measurement; and surface pres-
sure measurement.

Wind Tunnel and Models. The research was conducted in the
Monash University 450 kW wind tunnel, as shown in the sche-
matic in Fig. 1. The wind tunnel is fan blade pitch controlled. The
working section of the tunnel has a 2 m� 2 m cross section and
extends 12 m. Testing was completed in the center region of the

working section over a false floor. Further details of the wind tun-
nel and the inflow conditions are specified in Rowcroft et al. [9].

Experiments were performed at a fan blade pitch angle of
30 deg, corresponding to a freestream speed of 34 ms�1, over
FFSs of height, h¼ 0.050 m. The experiments were completed at
Reynolds Numbers of 1� 105, using the step height, h, as the ref-
erence length and freestream velocity as the reference velocity.
End plates extended 12 h upstream of the models. The models
resulted in 2.5% blockage and extended beyond 10 h downstream,
and can be thus considered isolated cliffs according to Moss and
Baker [5]. The aspect ratio was 34, allowing four complete peri-
ods of the geometry to be modeled. The lateral variation of the
FFSs explicitly segments the flow, minimizing any impacts asso-
ciated with aspect ratio. The experimental layout is shown in
Fig. 2. The models were painted with semigloss enamel paint and
were aerodynamically smooth. The geometric parameters are pre-
sented in Table 2.

Inflow Conditions. Vertical profiles of velocity, TI, and
stream-wise integral length scale profiles are presented in Fig. 3.
Conditions were developed over a false floor, with a fetch of 32 h.
No additional roughness was applied to the fetch. The inflow con-
ditions were measured by traversing with a Cobra Probe at a fre-
quency of 5000 Hz and down-sampled to 2500 Hz for 180 s. The
freestream TI was 1% and the boundary layer thickness, d, was
100 mm. The integral length scale was calculated by fitting the
von K�arm�an equation to the power spectral density. The resulting
boundary layer thickness to step height ratio, d/h, was 2. The shear
exponent, a, derived from the gradient of the natural logarithm of
velocity plotted against the natural logarithm of height through
the boundary layer, as shown in the left panel of Fig. 3, was
0.0907. The inflow configuration is described in Rowcroft et al.
[9], where detailed descriptions of the instrumentation, configura-
tion, and the inflow conditions were provided. An upstream Pitot-
Static tube was used to normalize the Cobra Probe measurements.
The Pitot-Static tube was located greater than 55 h upstream of
the model location, 12.3 boundary layer heights above the surface
of the false floor.

The motivation of this work is to characterize the underlying
flow structures that develop over cliffs, hence, it was desirable to
minimize TI levels. Cliff-top wind farms often have ocean
fetches. Atmospheric boundary layers developed over ocean
fetches tend to be thinner, particularly under stable and near stable
conditions, with various sources modeling gradient heights in the
order of 200 m [29,30]. Stable and near stable conditions also act
to suppress turbulence. Thus, the d/h ratio of 2 used in this experi-
mental setup might be considered representative of a 100 m high
coastal cliff, although the freestream TI of 1% is still low com-
pared to typical values of 5–10% for offshore applications [31].

Fig. 1 Schematic of Monash University 450 kW wind tunnel
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Surface Shear Stress Visualization. A paint droplet visualiza-
tion technique was implemented to depict the surface shear stress,
showing the direction at which the surface shear stress acts and
giving an indication as to the magnitude of the surface shear
stress.

In each case, the surface of the model was aerodynamically
smooth, covered with black, semigloss enamel paint. This pro-
vided a consistent surface, allowing the paint to streak easily over
the surface. Magenta-colored water-based paint was diluted with
tap water to approximately a 1:1 ratio to provide a paint mix with
sufficient viscosity to avoid speckling, but not so viscous as to
stop the droplets from streaking.

Nominally 0.1 mL of the paint solution was applied at a number
of points using hypodermic syringes. To obtain the streaks, the
wind tunnel was run up to a fan blade pitch angle of 30 deg,

corresponding to a freestream velocity of 34 ms�1. The paint
could typically be observed to begin streaking at a fan blade pitch
of 25 deg. The wind tunnel was allowed to run at speed for approx-
imately one minute from the time the wind tunnel fan blade pitch
reached 30 deg. This allowed the streaks sufficient time to form. This
process was repeated, with more droplets added until a sufficiently
high resolution was obtained. An example is shown in Fig. 4.

From these surface shear stress visualization techniques, it was
possible to deduce the mean flow topology over the surface of the
models. Perry and Chong [32] provide means of interpreting the
streaks in terms of flow structures, identifying separation and reat-
tachment lines, stable and unstable nodes and foci, and saddle points.

Cobra Probe Measurements. Turbulent flow instrumentation
(TFI) Cobra Probes have been used to collect dynamic velocity

Table 2 Geometric parameters

Height (h) A/k Amplitude (A) Wavelength (k) Sawtooth half angle Extent downstream Aspect ratio (width/height)

0.050 m 0.325 0.130 m 0.400 m 33 deg 2.6 m (52 h) 34
0.050 m 0.5 0.200 m 0.400 m 45 deg 2.6 m (52 h) 34
0.050 m 0.65 0.260 m 0.400 m 52 deg 2.6 m (52 h) 34
0.050 m 1 0.400 m 0.400 m 63 deg 2.6 m (52 h) 34

Fig. 3 Inflow conditions: Panel 1—velocity and stream-wise TI; Panel 2—stream-wise integral length scale, and Panel 3—
natural log of height plotted against natural log of velocity, with the gradient giving the power law exponent, a

Fig. 2 Experimental domain
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data, as well as mean statistics above the surface. The Cobra
Probe acts as four Pitot-static tubes arranged to capture flow from
within a 45 deg cone of acceptance. The development and the per-
formance of Cobra Probes are described by Hooper and Musgrove
[33,34] and Musgrove and Hooper [35]. These probes have been
used extensively in the characterization of bluff body wakes
[36,37].

The input data were logged using the TFI Device Control soft-
ware. Sample lengths were 180 s, at a sampling frequency of
2500 Hz, down-sampled from 5000 Hz. Cobra Probes were used
to measure the inflow conditions, as well as traversing over the A/
k¼ 0.325 model and regions of the A/k¼ 0.5 model.

Various investigations have been conducted to establish the
accuracy of the Cobra Probes, considering both their static
response and their dynamic response. Hooper and Musgrove [33]
showed that they are insensitive to Reynolds number for the
velocity range 16 ms�1–110 ms�1, giving confidence in the mean
data over a broad velocity range, below speeds where measure-
ments would be sensitive to compressibility. Hooper and Mus-
grove provided further dynamic validation of the Cobra Probe
performance in a swirling jet [35], and validated their results
against hot wire anemometers and laser Doppler anemometers in
fully developed pipe flow [34]. These results demonstrated excel-
lent frequency response up to 1500 Hz. Additionally, Chen et al.
[38], in developing the calibration methodology of the Cobra
Probes, suggested that the errors in the calibration surfaces

affecting the pitch and yaw angles measured by the probes would
be 2 deg, in addition to a 0.5 deg uncertainty associated with the
alignment of the Cobra Probe relative to the stream-wise axis.
They also reported an uncertainty in velocity of 2% associated
with the calibration surface and an additional 0.5% uncertainty in
velocity due to the calibration procedure caused by an increase in
static pressure near the potential core of nozzle jets, typically used
to calibrate Cobra Probes [38].

This uncertainty propagates through derived quantities, for
example, the speed-up ratio, S, which is the ratio of the normal-
ized Cobra Probe measurement over the geometry to the corre-
sponding normalized Cobra Probe measurement through the
undisturbed boundary layer, with the Cobra Probe measurements
normalized against the upstream Pitot-Static tube. The 2% uncer-
tainty associated with the calibration surface is considered as a
bias error, while the additional 0.5% is treated as a random error.
Similarly, the uncertainty associated with the Pitot-Static tube is
assumed to be a random error of 1.5%. In this context, the Cobra
Probe uncertainties can be combined using a root-sum-square
approach. Combining the errors in this way for typical velocity
and speed-up values (U¼ 30 ms�1, S¼ 1.07) gives an uncertainty
of 4%.

In contrast, the turbulence intensity ratio (TI ratio), which is the
ratio of the turbulence intensity over the geometry to the corre-
sponding turbulence intensity in the undisturbed boundary layer,
is affected by only the random uncertainty, as the calculation of

Fig. 4 Demonstration of build-up technique. Four instances are shown. Intermediate steps
are omitted for brevity. Flow is from bottom of page to top.
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the standard deviation relies on the difference between the mean
and the instantaneous velocity, which cancels the bias error, while
the random uncertainty propagates through the difference, sum,
square, and square root elements of the standard deviation calcula-
tion, as well as through the quotient of the standard deviation and
the velocity, and between the two turbulence intensity values. For
a representative TI ratio of 3, this error propagation yields an
uncertainty of approximately 7% giving a TI ratio of 3.0 6 0.2.

Surface Pressure Measurement. Surface pressure taps were
used to capture transient surface pressure data over the surfaces of
the sawtooth models. Between 120 and 125 pressure taps were
used on each model, allowing quantification of peak and mean
pressures and instantaneous pressure distribution.

Turbulent flow instrumentation dynamic pressure measurement
system (DPMS) was used, providing 128 input channels, across
two DPMS units, with a maximum measurement range of 67 kPa.
The input data were logged using the TFI Device Control soft-
ware. 180 s samples were collected at a sampling frequency of
1000 Hz.

Each pressure tap was linked to the manifold connected to the
DPMS unit with a 1 m PVC tube with inner diameter of 1.2 mm.
The tubes were purged with nitrogen.

Results are presented as pressure coefficients, CP, according to
the following equation:

CP ¼
P� P1

Q1
(1)

In the equation, P is the local pressure, measured at the surface,
P1 is the reference pressure, measured at the surface, upstream of
the FFS, and Q1 is the dynamic pressure of the freestream flow.

A root-sum-square analysis of the uncertainty, considering the
manufacturer’s specification of the DPMS units (0.1% of full-
scale) and the uncertainty of the freestream dynamic pressure,
suggests an uncertainty of 4% for typical values of the pressure
coefficients.

Results and Discussion

In this section, the flow topology associated with each geomet-
ric variation is derived from the surface shear stress visualizations
and discussed. Surface pressure measurements for each case pro-
vide further insight into the development of the flow as A/k is var-
ied. Detailed analysis including Cobra Probe measurements of the
shallowest cases (A/k¼ 0.325, 0.5) is presented.

Surface Shear Stress Visualizations and Flow Topology. The
surface shear stress flow visualizations, for all amplitude ratios
tested, are shown in Fig. 5. These capture the mean surface shear
stress fields. From the surface shear stress visualizations, surface
flow topology can be determined, identifying critical lines and
points and ultimately quantifying the interaction between the vor-
tex structures that are generated over the topography. The distri-
bution of critical points is determined by the Poincar�e–Bendixson
theorem that

P
N �

P
S ¼ ð�=2pÞ, where N denotes the number

of node points on the plane and S denotes the number of saddle
points on the plane and � denotes the angle through which the
shear stress vector passes over the plane (here, the upper surface
of the cliff) [39]. Over this FFS geometry �¼ 0 deg, thus, the
number of node points must equal the number of saddle points. A
labeled schematic of the flow topology is presented in Fig. 6 and
each of the derived flow topologies is presented in Fig. 7.

The surface shear stress visualizations in Fig. 5 are, in all cases,
consistent with the existence of a longitudinal rotating structure
with a primary attachment line near, but not exactly, aligned with
the crest of the sawtooth. This is similar to that seen by Hoerner and
Borst [12] and Werle [40] who identified the formation and decay of
vortices over delta wings and Cochard et al. [10] who identified the
formation of these vortex structures over FFSs with sawtooth lateral
variation and drew the parallel to rugged cliff topography.

The angle between the primary attachment line and the crest is
referred to as the Vortex Growth Angle, and is illustrated in
Fig. 6. It can be associated with the scale of the vortex and
remains constant for a period along the crest. This implies linear
vortex growth. The primary attachment line then turns down-
stream, with a positive bifurcation line evident in each of the
cases. It is clear that the peak of the sawtooth is associated with
genesis of this structure, as the primary attachment line can be
traced to the peak of the sawtooth. The orientation of the primary
attachment line relative to the crest is plotted against the orienta-
tion of the crest relative to the freestream flow in Fig. 8. The ori-
entation of the crest relative to the freestream flow is referred to
as the Sawtooth Half Angle and is also illustrated in Fig. 6. Figure
8 highlights the linear growth of the vortex. In Fig. 8, a theoretical
point has been added: at the Sawtooth half angle of 90 deg, which
would result in a vortex growth rate of 0 deg. The gradient and the
intercept of this plot imply that at a Sawtooth Half Angle of 0 deg,
which is the base FFS case, the reattachment line will extend at a
45 deg angle from the edge of the crest, at its interface with the
end plate. However, for the cases examined here, the footprint of
the vortex on the surface of the sawtooth protrusion accounted for
between 43% and 53% of the area.

Fig. 5 Surface shear stress visualizations for the four A/k ratios used, from left to right
A/k 5 0.325, 0.5, 0.625, and 1
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As A/k increases, the primary vortex remains attached over a
larger portion of the crest. In each case, both the primary vortex
and the secondary vortices channel flow along the crest. The visu-
alizations were not of sufficient resolution to fully characterize the
secondary vortices that occur between the primary vortex and the
crest, but we expect that there is not merely a single secondary
vortex that is induced, but rather an ever increasing number of
secondary vortices, all acting in a counter-rotating fashion to their
neighbor [41], each having a strong component near parallel to
the sawtooth.

In the three shallower cases, the stable node is where the pri-
mary vortex, the secondary vortex, and the recirculating flow that
occurs between the two saddle points all converge, as can be seen
in Fig. 7.

The saddle points represent the convergence of dividing shear
stress lines. The lines that they form delineate the flow structures.

The downstream saddle point is more straightforward to
characterize—it is the intersection between the line of symmetry
that runs in the streamwise direction, and what would be described
as the separation line downstream of a straight-edged FFS.
Upstream of this line, flow is entrained back toward the stable
node. Downstream of this line, flow is entrained downstream. Of
course, the flow that is entrained downstream forms part of the
single coherent primary vortex resulting in much higher magni-
tudes of shear stress in this region, and by extension the flow
speed, when compared to the region of flow recirculating back
toward the stable node. This is observable in the surface shear
stress visualizations presented in Fig. 5.

The second saddle point is again on the line of geometric sym-
metry. But it forms the delineation between the recirculating flow
described in the previous paragraph, and the freestream flow when
the stable node is on the crest, or the secondary vortex structure.

Fig. 7 Flow topology over a FFS with sawtooth leading edge. From left to right, A/k 5 0.325, 0.5, 0.65, and 1. Flow is
from bottom of page to top. Saddle points can be identified based on direction arrows. Stable nodes and foci – points of
convergence are indicated by lighter colored dots and spirals. A close-up of the trough region for the A/k 5 1 case is
shown in the inset.

Fig. 6 Schematic of flow topology compared with photograph of streaks, with descriptions of topological and
geometric parameters
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Interpolating between the A/k¼ 0.325 and A/k¼ 0.5 cases, it
can be surmised that the stable node would progress downstream
along the crest with increments of A/k. By A/k¼ 0.5, the second-
ary vortex structure has already increased in size, strength, and
stream-wise momentum such that the stable node is pushed onto
the surface proper—the result of a kind of “overshoot” from the
secondary structure, which then requires the flow to feed back
into the stable node. In the A/k¼ 0.65 case, the same basic struc-
ture is in place, however, there appears to be greater swirl, as the
secondary structures funnel back to the stable node. From a topo-
logical perspective, actual change in the structure of the flow is
observed only between the A/k¼ 0.65 and A/k¼ 1 cases. The
increment to A/k drives an increase in swirl around the stable node,
which, we hypothesize, forms a stable focus. The stable focus
driven by the secondary structures causes its vortex pair to roll up
between itself and the streamwise motion of the primary vortex.

A key development observed through the increments of A/k is
that lower values of A/k result in a larger vortex footprint on the
surface of the FFS. This is consistent with the observations of
Cochard et al. [10] and Montlaur et al. [11] and their work on
varying the wind direction over the cliffs. Cochard et al. [10]
noted, for their symmetric A/k¼ 0.5 case, that when the wind
speed was perpendicular to the FFS, the vortex footprint of each
delta wing vortex occupied approximately one-third of the top sur-
face of the sawtooth element; as they applied a yaw angle, the
upwind vortex occupied a greater proportion of the top surface,
while the downwind vortex occupied a smaller proportion. The
change in A/k can be equated with a change in the wind direction
for the flow directly above the protruding sawtooth element.
Beyond the trough, where the two delta wing vortices interact, the
equivalence cannot hold as the strength of each vortex is imbal-
anced. Montlaur et al. [11] demonstrate in their computational
fluid dynamics simulations the persistence into the far wake of the
pair of counter-rotating vortices, in spite of their imbalance.

While detailed topological characterization is interesting from a
fluid mechanics perspective, it is necessary to infer what is happen-
ing above the surface so as to draw conclusions pertaining to wind
turbine siting. From the surface patterns alone, it is clear that not
only is there a significant stagnation around the sawtooth trough
locations, but that in shallower cases (lower values of A/k), this
stagnation occurs farther upstream, and in deeper cases (higher val-
ues of A/k), the stagnation occurs farther downstream. Addition-
ally, the stable nodes necessitate a strong up-draft, which, again,
occur in the vicinity of the troughs. Rowcroft et al. [9] showed that
a developed recirculation region downstream of a yawed FFS is
associated with notable increases in turbulence intensity in regions
between the crest and the length of the mean recirculation bubble

beyond one cliff height. Their measurements also highlighted the
vertical extent of the increased TI into the far wake.

In Cobra Probe Measurements section of this paper, a mapping
of point measurements using Cobra Probes is presented over the
shallowest of the models—the A/k¼ 0.325 case, as well as point-
based measurements downstream of the trough region in the A/
k¼ 0.5 case.

Surface Pressure Measurements. Mean surface pressure coef-
ficients from different cases are presented in Fig. 9, with the
derived flow topology superimposed. These plots demonstrate
consistency with the extent of the vortex structures observed in
the surface shear stress visualizations, and illustrate the location
and magnitude of the highest mean negative pressures as a func-
tion of the amplitude of the sawtooth.

In each of the cases, the primary attachment line is aligned with
a region of high negative pressure, while the pressure coefficients
along the attachment line approach zero. The vortex structures
result in large negative pressures, however, at the attachment line,
the flow impinges on the surface resulting in a high-pressure
region. This is most clearly observed for the A/k¼ 0.5 case, as
this case had the highest concentration of pressure taps in this
region.

Cobra Probe Measurements. The structure of the flow over
the variously shaped sawtooth FFSs has been detailed in the Sur-
face Shear Stress Visualizations and Flow Topology section. In
this section, results from Cobra Probe measurements are used to
measure the flow over the A/k¼ 0.325 case and downstream of
the trough region in the A/k¼ 0.5 case. For the A/k¼ 0.325 case,
contour plots of speed-up and TI ratio are presented in Figs. 10
and 11, respectively. Using the trough point as a reference, the
measurement planes are located at the peak (x/h¼�2.6), halfway
along the sawtooth protrusion (x/h¼�1.3), at the trough (x/
h¼ 0), downstream of the trough (x/h¼ 2), and in the far wake (x/
h¼ 10).

The speed-up is given by the following equation:

S ¼

Uðx; y; zÞ
UP

UBLðx ¼ 0; y ¼ 0; zÞ
UP;BL

(2)

U (x, y, z) is the magnitude of the velocity vector at a point (x, y,
z), according to the Cartesian coordinate system defined in Fig. 2.
UP is the magnitude of the velocity vector measured at the

Fig. 8 Vortex growth angle as a function of Sawtooth half angle. Vortex growth angle is meas-
ured at the sawtooth peak, between the crest and the primary attachment line.
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Fig. 9 Surface pressure coefficients overlaid with flow topology; measurement locations denoted by circles

Fig. 10 Speed-up contours above the A/k 5 0.325 topography
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upstream Pitot-Static tube, measured concurrently to U(x, y, z).
UBL(x¼ 0, y¼ 0, z) is the magnitude of the velocity vector in the
undisturbed boundary layer, that is, without the model in place, at
x¼ 0, y¼ 0. UP,BL is the magnitude of the velocity vector meas-
ured at the upstream Pitot-Static tube, measured concurrently to
UBL(x¼ 0, y¼ 0, z).

Similarly, the TI ratio is given by

TI ratio ¼ Iuvwðx; y; zÞ
Iuvw;BLðx ¼ 0; y ¼ 0; zÞ (3)

Iuvw(x, y, z) is the TI based on the three velocity components and
is defined here

Iuvw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

3
u2 þ v2 þ w2
� �r

U
(4)

The BL subscript and the (x, y, z) location have the same meaning
as in the equation for speed-up.

The vortex structure is evident as sets of annular contours in
both the speed-up plots in Fig. 10 and the TI ratio plots in Fig. 11,
which is consistent with the work of Cochard et al. [10] and Mon-
tlaur et al. [11]. Above the sawtooth element (x/h¼�2.6, �1.3),
the speed-up contours are dominated by regions greater than
unity, while the plane aligned with the trough (x/h � 0), the
speed-up contours are dominated by values less than unity—that
is, a slow-down relative to the undisturbed inflow conditions,
which is evident through the vortex structure as it propagates

downstream. The TI ratio contours appear more sensitive to the
vortex structures. At x/h¼ 0, where the speed-up contours are
spread further laterally than they are vertically, the TI ratio con-
tours are observed to have extended vertically to a greater extent,
impacting regions above z/h¼ 1.

Experimental Observations in the Context of the Delta Wing
Literature. In this section, the point-based measurements are ana-
lyzed together with the surface pressure measurements. This anal-
ysis demonstrates that the vortices observed do undergo this same
bursting behavior, impacting the vortex footprint, and the vertical
extent of the vortex. The resulting extents of the vortex structures
directly impact on the suitability of a location for siting a wind
turbine.

Examining the first pane of Fig. 9, the surface pressure is pre-
sented for the A/k¼ 0.325 case. There is a clear positive pressure
gradient along the core of the primary vortex setting up conditions
for vortex bursting, according to Hall’s second criterion [22].

The velocity profiles in Fig. 10 provide further contrast between
the compact stream of fast moving flow and the “very pronounced
retardation of the flow along the [vortex] axis and a corresponding
divergence of the stream surfaces near the axis [22]”. At the topo-
graphic apex, (x/h¼�2.6), the speed-up is dominated by values
greater than unity (an increase in speed relative to inflow condi-
tions), which is consistent with the description, above. At
x/h¼�1.3, that is, halfway along the sawtooth protrusion, the
speed-up is delicately balanced between the fast-moving flow and
the flow stagnation, with speed-up as low as 0.7 measured at the
base of the vortex structure, and exceeding 1.3 at the top of the

Fig. 11 Turbulence intensity ratio contours above the A/k 5 0.325 topography
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structure. The plot of TI ratio at x/h¼�1.3, shown in Fig. 11,
indicates that the flow structure is still quite compact.

By x/h¼ 0, the bursting has taken place. The speed-up of the
streamwise flow through the vortex structure drops to 0.2, and the
TI ratio increases accordingly.

While these observations are consistent with the vortex bursting
described by the likes of Hall [22] and Gursul et al. [23], the burst-
ing also needs to be considered in the context of the separation of
the vortex from the crest of the geometry, which occurs in this,
the shallowest A/k case, and is evidenced by the weak recircula-
tion back along the crest. The crest of the FFS beyond the stable
node remains a source of vorticity. In the remaining cases, the sta-
ble node (or foci) occurs downstream of the trough.

Speed-up and TI ratio measurements for the A/k¼ 0.5 case are
presented in Fig. 12 for planes at x/h¼ 1, 2, 4, and 11, between
heights of 0.2 h and 2.4 h. It is known that the primary vortex and
the secondary vortices converge at the stable node, which is
approximately 0.5 h downstream of the trough. The Cobra Probe
measurements are taken downstream of the stable node, and the
color plots in Fig. 12 demonstrate a strong retardation of the flow
associated with the vortex cores. These downstream measure-
ments are consistent with those from the shallower case—an
expanded vortex core associated with low through-flow and high
TI ratio.

While it is reasonable to expect that the bursting event would
occur farther downstream as A/k increases, the problem with

Fig. 12 Speed-up (top) and TI ratio (bottom) measurements over the A/k 5 0.5 case

Fig. 13 Siting approach over rugged cliffs. Gray dashed lines represent a distance of half a
step height. The gray arrow represents the region where the wind turbine rotor might extend.
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basing wind turbine siting on this assumption is the effect of wind
directions not perpendicular to the cliff. A key observation from
Ref. [10] was that one side of the sawtooth protrusion has a much
higher effective A/k resulting in a smaller vortex footprint and the
other side has a much lower effective A/k, resulting in a larger
footprint. That is, the separation of the vortex from the crest of the
sawtooth and the bursting of the vortex on the sawtooth protru-
sion, as observed in the A/k¼ 0.325 case, are inevitable for cases
where A/k> 0.325.

Conclusions

Wind tunnel experiments using surface shear stress visualiza-
tions and surface pressure measurements have demonstrated the
evolution of flow topology as a function of A/k for wind flow over
FFSs with sawtooth lateral variations. In addition, the vortex
growth was mapped using the angle between the crest and the pri-
mary attachment line as a proxy. This was plotted against the
Sawtooth Half Angle generated by the sawtooth lateral variation.
In each case, the footprint of the vortex on the surface of the saw-
tooth protrusion occupied approximately half of the surface area.

Cobra Probe measurements demonstrated that vortex bursting
is the mechanism that drives adverse flow conditions into the
domain of wind turbine rotors. The burst vortex is associated with
a distinct region of flow stagnation and, in the context of low TI
conditions, an almost ten-fold increase in TI was observed. Above
the sawtooth protrusion, as observed in the A/k¼ 0.325 case, the
flow stagnation and the large shear associated with this are con-
fined below a height of 0.5 h. Beyond the trough, the vertical
extent of the vortex region increases from 0.5 h to beyond 2 h at
10 h downstream of the trough.

In the context of a similarly shaped real-world cliff, say, 100 m
high, results from this study suggest that the vortex structures will
persist well beyond 1 km downstream of the trough point. However,
it is acknowledged that modeling was completed at very low levels
of TI compared to actual ocean or land fetches on highly idealized
models. Further work is required to understand the impact of
increased levels of freestream TI and the extent to which the coher-
ent structures would be broken down by increased levels of TI and
the topology varied in the presence of nonidealized cliffs.

Over the sawtooth protrusion, the effects of the vortex struc-
tures are largely confined below 50 m above the surface. By the
trough point, the increases in turbulence intensity and reduction in
streamwise flow velocity are noticeable at heights between 50 m
and 100 m; advancing downstream, the vertical extent of the flow
deficit and increased TI increases to over 250 m above the surface
with distance downstream. Given these observations and the tend-
ency of the flow structures to align themselves with the freestream
flow direction, approaches to siting where the wind turbines are
sited in the far wake are unable to avoid the unfavorable flow con-
ditions. By contrast, siting turbines on the sawtooth protrusions
enables the rotor sweep to pass above the vortex structures and
the associated shear layers. Applying the previous work of the
current authors in characterizing flow over FFSs with different
yaw angles, they recommended siting wind turbines 0.5 h down-
stream of the crest so as to avoid problems associated with inflow
angles and wind veer [9]. Given the yawed FFS can be considered
as a building block for the sawtooth FFS examined in this paper,
applying the same rule of thumb is a reasonable approach for min-
imizing these effects. A schematic of the siting approach is pre-
sented in Fig. 13.

Future work on this topic by the current authors will model rug-
gedness as a sinusoidal lateral variation of the FFS in contrast to
the sawtooth variation modeled here.
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Nomenclature

A ¼ amplitude of sawtooth variation, m
CP ¼ pressure coefficient

h ¼ height of cliff
Iuvw ¼ three-component turbulence intensity

N ¼ number of node points
P ¼ local pressure

P1 ¼ reference pressure
Q1 ¼ reference dynamic pressure

S ¼ number of saddle points; speed-up
UP ¼ velocity, as measured by Pitot-static tube

u, v, w ¼ instantaneous components of velocity coincident with
Cartesian coordinate system

U, V, W ¼ mean components of velocity coincident with Carte-
sian coordinate system

v, w ¼ Azimuthal and axial components of flow velocity,
respectively

x, y, z ¼ length components oriented with Cartesian coordinate
system

Greek Symbols

a ¼ power law shear exponent
d ¼ boundary layer thickness
e ¼ angle through which the shear stress vector passes over

the plane
k ¼ wavelength of sinusoidal variation
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